This paper reports a micromachined injection-locked laser (ILL) to provide tunable discrete wavelengths. It utilizes a non-continuously tunable laser as the master to lock a Fabry-Pérot semiconductor laser chip. Both lasers are integrated into a deep-etched silicon chip with dimensions of 3 mm × 3 mm × 0.8 mm. Based on the experimental results, significant improvements in the optical power and spectral purity have been achieved in the fully locked state, and optical hysteresis and bistability have also been observed in response to the changes of the output wavelength and optical power of the master laser. As a whole system, the micromachined ILL is able to provide single mode, discrete wavelength tuning, high power and direct modulation with small size and single-chip solution, making it promising for advanced optical communications such as wavelength division multiplexing optical access networks.
Introduction
Injection locking is a technology of locking the oscillation state of a resonance cavity (called the slave) by injecting external laser light (called the master). Lasers under optical injection locking exhibit superior performance over freerunning lasers and provide wide applications [1] [2] [3] [4] . The effects of optical injection locking mainly have two aspects: one is to improve the characteristics of the slave and the other is to synchronize the master and the slave. In the former, the locking is able to improve the properties of the slave laser in terms of spatial, spectral and time domains, making it indispensable for many applications. For instance, a Fabry-Pérot (FP) semiconductor laser has commonly multiple longitudinal modes, low mode stability and wide diverging angle. After being locked by a single-mode master laser, the FP slave laser can achieve a single wavelength emission, high side mode suppression ratio (SMSR), narrow linewidth and diffraction-limited beam quality. These improvements have attracted interest, particularly for high-power lasers [5] . Additionally, it can significantly reduce the frequency chirp under modulation and improve the laser intrinsic frequency response, which are important for direct modulation of the lasers for high-speed data communications [2, 4] . In the latter, the synchronization of the master and slave in a wavelength, phase and chaos state has led the injection locking to broad applications in the coherent communications [6] .
On the other hand, the increasing demand of transmission capacity in optical communications systems has driven the rapid deployment of fiber-to-the-'x' networks (x for curb, home, business, premises, etc) in recent years. A further increase in the capacity of optical access networks would rely on advanced communication techniques such as wavelength division multiplexing (WDM) techniques and coherent optical detection schemes [7] . For the WDM networks, one of the key components is the tunable laser that provides WDM grid wavelengths. Since conventional tunable lasers are usually bulky and costly, tremendous efforts have been made to develop miniaturized, reliable and low-cost alternatives. Among them, the microelectromechanical systems (MEMS) technology has attracted considerable interest due to its advantages of high compactness, fast mechanical tuning speed, batch fabrication and easy integration with integrated circuits [8] .
The reported MEMS tunable lasers can be roughly categorized into two types: the continuously tunable laser [9] [10] [11] and the non-continuously tunable laser [12] [13] [14] . The continuous type commonly makes use of the Littrow or Littman configuration and utilizes a diffraction grating to select and tune the wavelengths [9] [10] [11] . It could provide a single wavelength output but places strict requirements on the quality of optical components such as gratings and lenses, which remain a challenge to the micromachined micro-optics [11] . The use of external high-quality optical components could improve the laser performance (e.g. tuning range, spectral purity and output power), but it has to involve tedious assembly/integration and large footprint, offsetting the benefits of miniaturization and batch fabrication of the MEMS [8, 9] . Since WDM employs discrete wavelengths as defined by the industrial standards, the tunable laser does not need to be continuously tunable. The non-continuous type of MEMS tunable lasers could well meet the need. Such a type commonly uses a simple configuration, in which the FP semiconductor laser chip is tuned by a micromachined movable mirror [12] [13] [14] . The wavelength tuning is mainly achieved by the controlled mode hopping between different longitudinal modes of the FP chip [15] . It inherits most of the benefits of the MEMS and could produce discrete wavelengths over a large range [8, [13] [14] [15] . However, it suffers from a limited output power and low SMSR. This is because the mirror has no function of wavelength selection. To maintain singlemode output, the injection current has to be quite low (about 20% over the threshold current) [14] . Moreover, the direct modulation to the FP chip would cause instability in the output wavelength [2] . In addition to the micromirror-based tunable lasers, MEMS coupled-cavity lasers have also been pursued for discrete wavelength tuning [16, 17] . Each coupled-cavity laser employs two coupled FP chips, one is driven over the threshold to provide the laser light, while the other is below the threshold for phase matching and mode selection. It offers single-mode output with fast tuning (∼1.2 μs) over a large range (∼51.3 nm) [17] , but has the same drawbacks as the micromirror-based tunable lasers such as instable wavelength under direct modulation and limited output power in singlelongitudinal-mode operation.
To overcome these problems, this paper presents an injection-locked laser (ILL) system that employs a MEMS non-continuously tunable laser as a master to lock an FP slave laser chip. The master provides desired grid wavelengths and a single longitudinal mode, while the slave provides high output power and direct modulation. As a whole system, the MEMS ILL delivers single mode, discrete wavelength, high power and direct modulation, making it promising for the WDM optical access networks. The detailed discussions on the design, theoretical analysis and experimental characterizations of the MEMS ILLs will be presented below, with primary focus on the static locking behaviors such as bistability and hysteresis in response to the changes of wavelength detuning and the optical injection power. The impact of the slave laser driving current on the wavelength detuning range will also be discussed. It is noted that although the authors once demonstrated another MEMS ILL in an early work that used a deep-etched grating-based continuously tunable master laser for high-speed all-optical switching [18] , this work has clear differences in device design (non-continuous master versus continuous master), focused interest of characteristics (static locking behaviors versus dynamic response to optical pulses), research target (discrete slave output versus continuous slave output) and potential application (optical access networks versus all-optical switching).
Design of packaging structure
The design of the micromachined tunable ILL is depicted schematically in figure 1. The micromachined ILL mainly consists of a master laser and a slave laser, both use identical semiconductor laser chips. In addition, a movable prism is employed in between the two chips. When the prism is inserted into the light path from the master to the slave, it deflects a portion of the optical injection and thus can be used to adjust the coupling efficiency. The master laser is a micromachined external-cavity tunable laser. Its wavelength is tuned by using a MEMS movable curved mirror. The curved shape is to improve the optical coupling. If the master has weak optical coupling from the mirror to the FP chip (i.e. weak feedback strength), then according to the previous studies, the FP chip is the dominant resonant cavity, whereas the external cavity formed by the mirror and the right facet of FP chip (see figure 1 ) acts only as a weak filter [15] . By using a low injection current just above the threshold, the master can be maintained in a single mode, whose wavelength matches one of the longitudinal modes of the FP chip. With the translation of the mirror, the output wavelength would be tuned continuously within a small range (typically ∼0.1-0.2 nm) and then would jump to the next longitudinal mode. The alternation of continuous tuning and mode hopping continues and leads to a sweep of the wavelength over a large range in the master. The use of identical chips in the master and the slave ensures the rough matching of the longitudinal modes. The small continuous tuning of the master provides an additional capability of fine-tuning for the wavelength matching. The slave is driven beyond the threshold current injection to deliver high output power. It has multiple modes in the free-running state but becomes a single-mode output after being locked. Moreover, the direct modulation can be applied to the slave, as the locked state has high wavelength stability and improved bandwidth. Due to the low injection current, the master has a low SMSR and relatively low power (but strong enough for locking). These are not problems any more, as the output power and spectral quality (SMSR and linewidth) of the ILL are determined by the slave in the locking state. In fact, the slave would experience significant improvements in the optical power, SMSR and linewidth according to the previous theoretical studies and experimental observations [2, 4, 5] .
Theoretical analysis
To understand the locking behaviors of the MEMS ILL, theoretical study has to be carried out. Injection locking is essentially the competition and beating of the amplified spontaneous emission and the amplified master laser signal. Assume that the two facets of the slave have the same reflectivity R. Taking into account the dependence of the refractive index on the injected carrier density, the output optical power P out of the slave laser can be expressed as [19] 
where T ( = 1 − R) is the transmission, η is the light coupling efficiency into the slave laser and φ is the single path phase change across the slave chip. P in and P out denote the injected power and the output power, respectively. P s represents the saturation output power of the slave. The variable l is the cavity length, g is the saturated gain coefficient, g 0 is the small-signal gain coefficient, α is the scattering loss inside the cavity and is the optical confinement factor. It can be seen from equation (1a) that the optical injection power and the wavelength detuning (related to φ) are two main factors that affect the locking behaviors. Thus their influences are investigated in detail. Figure 2 illustrates the normalized output power (normalized with respect to the slave output power in the free-running state) versus the injected power at different detuning levels. Here the wavelength detuning λ = λ in,ILL − λ 0,ILL is the difference between the injection wavelength λ in,ILL and the wavelength of the slave supported mode λ 0,ILL . As shown in figure 2 , the operating properties of the FP slave laser are strongly dependent on the wavelength detuning. For instance, with no detuning (i.e. λ A = 0), the injected slave has a monotonic increase of the output power with the higher optical injection power and shows no bistability as long as the normalized optical injection power is smaller than 0.22 (see curve A). However, in the presence of the wavelength detuning (i.e. λ = 0), the output power is a multi-valued function of the wavelength detuning and the optical bistability becomes apparent (see curves B and C). In curve B ( λ B = 0.2 nm), at low injection power, the output power of the slave increases slowly with the optical injection power (a → b ). Once the optical injection power level reaches the first turning point b , the slave is fully locked and the output power jumps abruptly upward to an upper branch (b → c ). After that, the reduction of the optical injection power causes the output power to go down, but it remains in the upper branch (c → d ). Therefore, the fully locked state is maintained. Only when the optical injection power drops to a critical point d , the output power falls abruptly down to a lower branch (d → a ), denoting the sudden loss of the fully locked state. The loop of a → b → c → d represents a general hysteresis behavior between the input and output. The portion of the input-output curves between the two discontinuities (b → d , marked by the dashed line) corresponds to an unstable state of the output. Curve C shows the input-output relationship at a larger detuning ( λ C = 0.3 nm) and exhibits more obvious bistability and hysteresis. The relationship between the slave output power and the wavelength detuning at various levels of the optical injection power is shown in figure 3 . It can be seen that the detuning curve becomes asymmetrical with respect to λ = 0. Such asymmetry arises from the strong dependence of the active region's refractive index on the carrier density [2] [3] [4] 20] . The external optical injection causes a decrease of the carrier density and thus the increase of the refractive index of the active region, which in turn shifts the cavity resonance wavelength to the longer range. If the injection wavelength is shorter than the free-running wavelength (i.e. λ < 0), the red shift of the cavity resonance wavelength widens up the wavelength difference and impedes the locking. In contrast, when the injection wavelength is longer (i.e. λ > 0), the red shift of cavity resonance wavelength compensates the wavelength difference and enables the fully locked state. Indeed, the calculated results in figure 3 show that for any levels of the optical injection power, the maximum output is always obtained at a positive wavelength detuning ( λ > 0). As the maximum output corresponds to the fully locked state, the wavelength detuning is equal to the shift of the slave wavelength before and after the locking. The positive wavelength detuning means that the fully locked state always causes a red shift of the output wavelength. When the driving current of the slave laser is fixed, the higher the optical injection power, the wider the wavelength detuning range (i.e. loop bandwidth) would be. In other words, a strong optical injection power yields a large allowable range of wavelength detuning. On the other hand, with a fixed optical injection power, the wavelength detuning range would be narrowed in response to an increase of the driving current of the slave laser (i.e. increase of the slave free-running power).
Experimental results and discussions
Based on the theoretical study of the ILL system, the MEMS ILL device is designed and fabricated using a deep reactive ion etching (DRIE) process on silicon-on-insulator wafers [21, 22] . The MEMS structures are formed by etching into the silicon structural layer of the SOI wafer. An aluminum evaporation coating process with the shadow mask is used for depositing the bonding pads, the electrical routing and the mirror reflection surfaces. After that, the two identical FP chips are assembled and soldered on the MEMS substrate. The chip is a normally cleaved strip guide multiple quantum well InGaAsP/InP device with dimensions of 250 μm × 300 μm × 100 μm. Finally, single-mode optical fibers for output coupling are aligned into the fiber grooves on the dies and glued by a UV curable epoxy. A scanning electron micrograph (SEM) of the integrated MEMS ILL device is shown in figure 4 . As stated in the design, the micromachined tunable laser is used as the master laser and the FP diode as the slave laser. The curved mirror is driven by an electrostatic comb-drive actuator [22] [23] [24] . As discussed in the design part, an additional movable prism is employed to adjust the optical injection power level into the slave laser by moving into the light path to deflect some injection light [18] . The MEMS ILL device has dimensions of 3 × 3 × 0.8 mm 3 .
Laser performance before injection locking
The wavelength tuning behavior of the master laser is shown in figure 5 . The FP chip is driven at 10 mA (about 20% above the threshold 7.5 mA). The output power of the master laser is −3 dBm. With the displacement of the mirror from −0.5 to 1.5 μm, the output wavelength is increased step by step to its maximum value at 1554.5 nm (point a) and then suddenly drops to its minimum value of 1542.5 nm (point b). After that it increases again stepwise to point d and drops again. It can be seen that the wavelength tunes periodically in response to the mirror displacement. One period corresponds to a mirror displacement of half wavelength. A tuning range of 12.0 nm is obtained by hopping among 11 modes (mode spacing 1.2 nm). As stated above, there exists a small range of continuous tuning at each mode. The inset in figure 5 exemplifies the small continuous tuning near one of the master laser modes. In the example, it obtains a continuous tuning range of 0.05 nm. The slave FP chip is driven at 14 mA with a free-running multimode output. Although it can be driven with a much higher current, the cooling will become a problem. For stable run without specific cooling, the drive current is intentionally kept low for demonstrating its functionalities. The output spectrum of the FP slave laser in the free-running state is shown in figure 6 (a). It shows obviously a multimode output. Within the observation window of 1550-1556 nm, five modes can be observed, with the peak mode at λ 0 = 1552.94 nm. The power difference between the peak and the other modes is only 5 dB.
Under external injection, the slave is fully locked with a singlemode output as shown in figure 6(b) . The SMSR is increased to 35 dB. Figure 7 compares the spectra of the slave before and after injection. The wavelength is at λ 0 = 1552.94 nm before locking and is at λ 0 = 1553.03 nm after locking. A red shift of 0.09 nm is obtained. The full-width-half maximum linewidth is reduced from δλ 1 = 0.13 to δλ 2 = 0.075 nm due to the locking. It can also be observed from figure 7 that the peak power is increased by 5 dB (the total power by 32%). Such an increase of optical power agrees with the theoretical analyses and previous experimental observations [2, 4, 5] and is actually beneficial to the MEMS ILL. According to the theoretical analysis, the optical injection power would affect the locking quality of the slave laser. For easy discussion, here the lock state is represented by a locking state parameter q = (SMSR max − SMSR)/(SMSR max − SMSR 0 ) × 100%, where SMSR is the current side mode suppression ratio (determined by the power difference between the mode of interest and the maximum power among all the rest modes), SMSR 0 is the initial ratio in the free-running state and SMSR max is the maximum ratio obtained in the fully locked state. According to the definition, q always falls in the range from 0 to 100%, with 0 for the fully locked state and 100% for the free-running state. The experimental result is shown in figure 8 . As the optical injection power increases from very low, the fully locked state is not obtained until −5.32 dBm. With a further increase in the optical injection power, the locking state will be maintained. On the other hand, when the slave is already locked and the optical injection power is reduced, the locking state does not change until the optical injection power drops to −5.62 dBm. Then the slave laser totally loses the locking state and goes back to the multimode output. A hysteresis of 0.3 dB in the optical injection power is measured. Such hysteresis could be beneficial to the MEMS ILL as it tolerates certain fluctuation of the optical injection power and thus increase the stability. On the other hand, such hysteresis and history dependence could cause a lag in switching between the states. A sufficient over-drive is required to secure the desirable switching, i.e. the optical injection power should be significantly larger than the critical value (here −5.32 dBm) to switch from the freerunning state to the fully locked state, and considerably smaller than the critical value (here −5.62 dBm) to switch in the opposite way.
The influence of the wavelength detuning on the locking state is shown in figure 9 . The locking is not targeted at the peak mode at 1552.94 nm, instead the adjacent mode at 1554.40 nm is used. To determine the influence of the slave driving current, two cases are investigated, in one case the slave is driven at 8 mA and in the other it is at 15 mA. Here the optical injection power from the master is kept constant at 0 dBm. In figure 9 (a), with the gradual increase of the injection wavelength, the slave remains in the free-running state until it reaches the critical wavelength (point a) and then jumps abruptly to the locking state (point b). It stays in the locking state and jumps back to the free-running state again (c → d) because the detuning is too large. For a further increase in the wavelength, the slave remains unlocked. In the process of decreasing the injection wavelength from an initial large positive detuning, the slave requires a shorter wavelength at point e (i.e. smaller detuning) to go to the locking state (e → f), then stays in the locking state (f → g) until the point g and finally jumps back to the free-running state (g → h). Stable locking can be achieved in the region b → c for the increasing process and in the region f → g for the decreasing process. Two hysteresis loops a → b → g → h and f → c → d → e can be observed. This kind of hysteresis shows that the locking state is dependent on the history of process. However, in the overlapped region (a → b → f → e, as shadowed) the stable locking is always obtained, regardless of the history of the locking process. For practical uses, the ILL should be operated in this region. In figure 9(b) , similar phenomena can be observed. However, the stable locking region is smaller figure 9 (a) requires a continuous tuning range of about 0.14 nm, beyond the continuous tuning range 0.05 nm that can be achieved by only moving the micromirror. It is accomplished by increasing the driving current while coordinating the micromirror displacement. At the same time, the displacement of the prism is carefully adjusted so as to maintain the actual injection power at the same level.
As the MEMS ILL needs to provide a range of discrete wavelengths, the best case is that the master is able to lock every longitudinal mode of the slave. However, with a given optical injection power, not every slave mode can be locked, some modes might be too weak to compete with the peak mode, even with the external injection. Figure 10 shows the experimental results of the lockable range in response to the change of the optical injection power. Here the lockable range refers to the width of the wavelength range, within which all the slave mode can be locked one by one. It can be seen that at a low optical injection power, the lockable range is 0. Once the optical injection power goes beyond a critical point value of −5.3 dBm, the peak mode of the slave is locked (the FP laser is driven at 13.7 mA). A further increase in the optical injection power causes more slave modes to become lockable and thus the lockable range increases. Due to the nature of mode hopping, the lockable range is increased stepwise. As the optical injection power reaches 3 dBm, the lockable range is saturated at 40 nm because all the FP modes in the gain region are locked. It can be seen that under proper conditions, the MEMS ILL could cover the whole C-band or even larger. Although the mode spacing in this experiment does not match the WDM grid, a proper choice of the FP chip could facilitate the matching. Moreover, the design and concept developed in this paper apply equally to the FP chips that provide a WDM grid.
Conclusions
A micromachined injection-locked tunable laser has been designed, fabricated and characterized in this paper. It utilizes a non-continuously tunable laser as the master to lock an FP semiconductor laser chip so as to provide discrete wavelengths. In experimental studies, improvements in the linewidth (from 0.13 to 0.075 nm), side mode suppression ratio (from 5 to 35 dB), peak mode power (5 dB higher) and slave output power (32% higher) have been obtained due to the injection locking. In addition, hysteresis and bistability have been observed in response to the variations of wavelength detuning and optical injection power. With the merits of small size, low power consumption and low fabrication cost, the MEMS ILL would find potential applications in advanced optical communications such as WDM optical access networks.
